I. INTRODUCTION The quality of the insulation in high voltage equipment is a key issue to keep them functioning [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Electric field of high levels in this equipment produces degradation of insulating parts of the apparatus. This degradation involves the formation of heterogeneities in the insulating material so that high amplitude electric field inside these localized heterogeneities gives rise to the partial discharges (PDs). Many discharges can occur in a single working cycle of the generator and the dielectric insulation may be compromised. Such discharges have been studied [3] [4] [5] and it was verified that the transient fields produced by them may be used to diagnose the state of isolation.
During the last 10-15 years, different mathematical methods have been proposed to localize discharges in high voltage equipment [3] [4] [5] [6] [7] . Neural networks techniques were used in [3] by partial discharges taking place at different points in the insulation layer. The modeled bar is 3 m long ( Fig. 1a) and it is formed by three layers: inner metal bar (copper), which is surrounded by a dielectric layer (mica), that in turn is coated with a semi-conductive outer layer (Fig. 1b) . Separate occurrences of z-polarized partial discharges were simulated at three points (P1, P2 and P3) of the FDTD-3D model of the bar ( Additional resonances emerge due to field reflections at the metallic parts of the bar.
The first parameter studied is the rise time of the discharge pulse. Pulses with rise time of 0.5 ns, 1 ns, 3 ns and 5 ns [12] were simulated. For this analysis, mica insulator was modeled by using the parameters = 5.4, σ = 0.10394 mS/m and = 1 [13, 17] . It was found out that maxima and minima spectral loci, in essence, depend on the structure itself and, of course, on the PD's position, since they remain unchanged when is modified It has been observed, as expected, that frequencies where maxima and minima occur in the spectrum do not change when is altered. The modifications observed in spectra (Fig. 4) as function of are associated to spectral amplitudes only, i.e. with increasing , currents tend to be superficial and internal electric field is reduced according to the well-known skin effect [14] . Fig. 4 shows the comparison among the spectra of the received signal for excitation at P2, illustrating the aforementioned effect. Excitation at P1, P3 or at any other point presents the same physical behavior. Finally, the spectral effects of relative electrical permittivity of mica were evaluated. The simulation of the partial discharge occurring at P1 (Fig. 1a) was repeated. However, of dielectric was set to various values between 5.4 and 8.0 (as it is specified for mica in [13] ).
Considering the bar of Fig. 1 numerical solutions, the resonance frequencies of the bar were calculated analytically using equation
(1) [14] . The comparison of frequencies calculated by (1) and by FDTD simulation is shown in Fig. 5 .
According to [14] , resonance frequencies can be obtained by the expression
where ′ is the propagation speed of signal in mica, which is a function of . The dimensions of waveguide are expressed by a, b and c ( Fig. 1) and m, n and p are integers. It is observed in Fig. 5 that the numerical and analytical results are in a good agreement. Notice that because the goal is to locate the PD along x (Fig. 1a) , longitudinal resonances are of greater interest. Thus, n and p are set to zero. 
C. Problem Description and Numerical Modeling
The design schematics of a synchronous generator winding of 48 salient poles were provided by Eletronorte. The machine has the following nominal specifications: power of 30.4 MW, voltage of 13200 V, operating range of ± 5%, current of 1330A oscillating at 60 Hz, and power factor of 0.95.
By using the equipment's project files [15] (Fig. 6a) , it was possible to obtain a detailed FDTD model of a stator coil, which is represented by Fig. 6b . A specific computational routine was developed to export these geometric data to the FDTD simulator developed in [16] , called SAGS, which has been adapted for simulating PDs. Numerical validation of this software for the present problem, which was performed by comparing results with literature data, is given in Appendix (Sections A and B).
The FDTD numerical model of the bar is formed by three layers: inner metal structure, which is surrounded by a dielectric layer, which in turn is coated with a metallic layer (outer), as illustrated by mS/m and = 1 [14] . Metallic parts are considered to be copper ( = 1, = 5.8 × 10 7 S/m and = 1) [13] . The mathematical representation of the discharge pulse follows [18] . Fig. 7a illustrates the waveform of the voltage source used to model the discharges as a function of time and Fig. 7b illustrates its spectrum. As far as the maximum significant frequency of the pulse is approximately 1 GHz (Fig. 7b) , the maximum edge allowed for Yee's cell (the FDTD spatial discretization element)
for reducing numerical dispersion to acceptable levels [19] 
D. Spectral Technique for Diagnosing the Coils
As described previously, several partial discharges at different locations may occur concurrently in a given coil. Thus, pairs of simultaneous discharges were simulated, occurring in the quadrants shown Considering that each pair of transmitter (PD) and receiver (sensor S) represents a unique propagation channel, it is verified that every part of the coil produces a unique spectral pattern in which local maxima and minima characterize a given spatial region due to produced specific resonances (this physical aspect is verified experimentally in Appendix, Section C). With this information in mind, a computer algorithm (Fig. 9 ) was developed and implemented for identifying the frequencies at which local maxima and minima occur in the spectral functions. A database was elaborated, containing such resonance frequencies and the coordinates L of the coil associated with transmission points and with a specific receiver. The database is used to estimate the region(s) where discharges arise (Fig. 5 ).
Once the database was available, two simultaneous discharges, placed at different positions, were simulated and the Fourier transforms of the signals captured by the sensor were calculated (Fig. 9) .
Searches in the data base were performed for the resonance frequencies of the received transients.
Due to the superposition principle for Maxwell's equations and for the Fourier transform, when multiple discharges at different points occur simultaneously, their individual spectra are naturally added up (see Fig.11 ). This observation allows one to search for groups of resonances, in the spectrum concerning simultaneous PDs, which characterize the individual contribution of a specific PD occurring at a definite position. Of course, specific resonance information can be modified (or even canceled) by the composition of the multiple discharge spectra. However, this can be treated by defining a probability of occurrence of a PD in a specific position of the structure. This probability p[L] can be calculated by counting the total number of resonances C[L] stored in database for a PD flashing at position L which are also present in the measured spectrum (result of an arbitrary quantity of occurring PDs). Mathematically, we have the expression
where n [L] is the total number of resonances present in the database for a discharge occurring at L.
This idea is algorithmically detailed by the flowchart in Fig. 9 . The algorithm is then repeated for other values of L and a map of statistical chances for discharge localization is created.
Each modeled pair of partial discharge was indexed by an integer number. For purposes of illustration, Fig. 10b shows the points excited by partial discharges for simulations with indices 5 and 161. The transient signals recorded by the S sensor for discharges 1 and 2 of simulation 161 (see Fig.   10b ), occurring in dielectric region, are illustrated in Figs. 11a and 11c . Their spectra are shown respectively by Fig. 11b and 11d . As established by the superposition principle, the simultaneous occurrence of two pulses generates linear combination of the two temporal signals and of their spectra (Fig. 11e) Fig. 11e , enabling the identification of the several discharges. Additionally, it is noteworthy that this is true even when the discharges do not initiate exactly at the same moment, because the magnitude of the Fourier transform is being considered and its phase is neglected.
(e) Fig. 11 . Voltage signals of simulation 161 registered by the sensor S. For discharge 1, we have: (a) the registered transient signal and (b) its frequency spectrum. For discharge 2, we have: (c) the registered transient signal and (d) its frequency spectrum. The simultaneous occurrence of discharges 1 and 2 produces the spectrum given in (e).
III. RESULTS

A. Localization of Multiples Discharges in a Single Coil
Several simulations of concurrent partial discharges were performed initially for a single hydrogenerator stator coil. For illustrative purposes, the electric field distribution on a horizontal plane (parallel to x-y plane) crossing the center of coil it is shown in Fig. 10a . Reddish colors mean higher field stress (intensity) and colors close to blue identify smaller magnitudes. Fig. 12 shows the results obtained by using the diagnostic method (see Fig. 9 ) proposed in this work. The horizontal axis in Fig. 12 represents L (m), which is defined in Fig. 8 , and the vertical axis shows the index of simulations. Thus, statistical results for a given numerical experiment are presented in the corresponding line of the maps in Fig. 12 . The definition of L is given in Fig. 8 . locations of partial discharges excited in each simulation. Noticeably, during laboratorial experiments these exact locations are unknown and can be estimated by the proposed methodology. Aiming the statistical PD pinpointing, the color bar in Fig. 12 
maps values of p[L]. As discussed previously, p[L]
is proportional to the probability of PD occurrence at a specific point in the bar specified by L (Fig. 8) .
Consequently, for a given simulation, the statistical assessment is performed by calculating p for every considered value of L, obtaining the changes of finding a PD source throughout the coil. This procedure is repeated for each simulation, producing line-by-line the statistical maps in Fig. 12 In about 90% of the simulations, the algorithm proposed here generated statistical information capable of providing accurate estimates on the position of the simulated concurrent discharges. In the remaining cases, the method correctly localized the first discharge and indicated places near the real position of the second one. In 60% of cases, maximum deviations of 0.5 m from the real position of the second discharge were observed. In just 7% of the tests, deviations between 0.5 m and 1 m were observed. In 30% of simulations, it was noted deviations from 1 m to 1.5 m. Finally, in only 3.3% of the cases, the position could be estimated with deviations greater than 1.5 m.
B. Diagnosing of Multiple Discharges in Two Adjacent and Connected Hydro-generator's Coils
Two identical coils discussed in the previous case were electrically interconnected, as illustrated in 
IV. FINAL REMARKS
A new methodology for localization of partial discharges, based on spectral analysis, was developed. The FDTD method was used to simulate the electromagnetic process of the problem. We succeeded to localize multiple partial discharges occurring in a single hydro-generator coil and in two adjacent interconnected coils. In summary, the technique is based on the determination of frequencies of resonance of the propagation channels between the position of the transmitter (PD source) and of a receiver (voltage sensor) inside the hydro-generator's coil. With this information and by taking into account the linearity of Maxwell's equations and of Fourier transform, a probability map of discharges occurrence as a function of coordinates is obtained. This allows one to define regions where problems with isolation can exist.
For the case of a single coil, in approximately 90% of the simulations estimates with maximum deviation of 0.5m of the location of one of discharges were obtained and 60% of the second discharges positions were predicted with 0.5 m deviation. In the remaining 10% of the simulations, the position of the first discharge was properly estimated with a few centimeters of deviation from its exact position and the second discharge was pinpointed within 1.5 m of uncertainty.
Similarly, for two adjacent coils, in about 81% of the simulations it was possible to estimate the exact location of one of the partial discharges and in 47% of the numerical experiments, the second discharge position estimation presented 0.5 m or less of deviation.
The obtained simulation results confirm the effectiveness of the localization method proposed in this paper. Two comments on a practical realization of the method are as follows. Firstly, when there are many PDs in the investigated system, only the most dangerous PDs with high level of amplitudes can be tracked and localized. Secondly, in our work, we supposed that the sensors are ideal and do not introduce any distortion in the PD signals. In the analysis of the obtained real signals, the spectral characteristics of the used sensors and the electronic processing devices should be taken into account.
Our method, as presented in this paper, is intended to be used for coils extracted from the generator.
The proposed method can be useful for accelerating maintenance (repairing) procedures as long as the coil is subjected to a laboratory generated 60 Hz signal with sufficient amplitude to produce PDs at the insulation discontinuity spots.
In a future work, we plan also to investigate the influence of existing noise in real devices on the proposed methodology and verify the developed method experimentally. It is also planned to employ Two directional couplers [20] [21] [22] have been manufactured and used as ultrawideband field sensors [21] (Fig.18 ). The couplers have been placed in winding slot of the structure, as shown in Fig.15 , for obtaining proper sensing levels. The coupler return loss S 11 was measured experimentally and calculated via FDTD simulation. Observe that S 11 is smaller than -15 dB from ~100 Hz to 1.80 GHz (Fig.19) . A good agreement between the measured and simulated return loss is observed.
Mathematically, the return loss is given by
In (3) and (4),   f  is the reflection coefficient obtained at the SMA connector port, which can be seen in Fig. 18(b) , Z is the impedance of the coupler and z 0 = 50 Ω is the impedance of the instrument (oscilloscope or spectrum analyzer) connected to the coupler. Thus, S 11 is a measure of impedance matching between the coupler and the measuring instrumentation as a function of the frequency f. Fig.15 for pulse injection points P1, P3 and P5. It is of fundamental importance to observe that as the injection point is changed, resonance frequencies are gradually shifted. As long as the bar in Fig.15 is not prismatic or symmetrical (it is formed by several quasi-prismatic pieces), certain frequencies of maxima and minima emerge due to the proximity (or distance) of the source to specific curves of the structure.
Notice that a quasi-prismatic piece of the bar (ℓ 1 -ℓ 5 in Fig.15 ) produce specific resonances due to its particular dimensions.
In order to validate the local PD excitation schema developed in this work, we numerically 
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